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1. Introduction {#advs1708-sec-0010}
===============

In the past decade, the power conversion efficiency (PCE) of organic--inorganic hybrid perovskite solar cells (PVSCs) has increased rapidly from 3.8%^\[^ [^1^](#advs1708-bib-0001){ref-type="ref"} ^\]^ to the certified 25.2%,^\[^ [^2^](#advs1708-bib-0002){ref-type="ref"} ^\]^ showing very promising prospect as a new photovoltaic technology.^\[^ [^3^](#advs1708-bib-0003){ref-type="ref"}, [^4^](#advs1708-bib-0004){ref-type="ref"}, [^5^](#advs1708-bib-0005){ref-type="ref"}, [^6^](#advs1708-bib-0006){ref-type="ref"} ^\]^ There are three commonly used device architectures for fabricating PVSCs,^\[^ [^7^](#advs1708-bib-0007){ref-type="ref"}, [^8^](#advs1708-bib-0008){ref-type="ref"}, [^9^](#advs1708-bib-0009){ref-type="ref"} ^\]^ i.e., mesoscopic nanostructures, and conventional n--i--p and inverted p--i--n planar junction structures. Among these, inverted PVSCs have certain advantages such as suppressed photocurrent‐hysteresis and processing compatibility with flexible devices.^\[^ [^10^](#advs1708-bib-0010){ref-type="ref"}, [^11^](#advs1708-bib-0011){ref-type="ref"}, [^12^](#advs1708-bib-0012){ref-type="ref"}, [^13^](#advs1708-bib-0013){ref-type="ref"} ^\]^ The first report of inverted PVSC was reported by Guo and co‐workers in 2013,^\[^ [^14^](#advs1708-bib-0014){ref-type="ref"} ^\]^ affording a poor PCE of 3.9%. Subsequently, the PCEs of inverted PVSCs have been significantly improved to exceed 20% by applying new film‐deposition methods, optimizing device configurations, and proper interfacial engineering.^\[^ [^15^](#advs1708-bib-0015){ref-type="ref"}, [^16^](#advs1708-bib-0016){ref-type="ref"}, [^17^](#advs1708-bib-0017){ref-type="ref"}, [^18^](#advs1708-bib-0018){ref-type="ref"}, [^19^](#advs1708-bib-0019){ref-type="ref"} ^\]^

For inverted p--i--n devices, a hole‐transporting layer (HTL) is deposited first, followed by a photoactive perovskite layer, and then an electron‐transporting layer (ETL). Thus, in this device architecture, HTL not only is responsible for transporting/extracting holes, but also plays an important role in affecting the growth of perovskite layer.^\[^ [^20^](#advs1708-bib-0020){ref-type="ref"}, [^21^](#advs1708-bib-0021){ref-type="ref"}, [^22^](#advs1708-bib-0022){ref-type="ref"}, [^23^](#advs1708-bib-0023){ref-type="ref"}, [^24^](#advs1708-bib-0024){ref-type="ref"} ^\]^ Therefore, significant efforts have been devoted to regulating the surface properties of HTLs in inverted PVSCs to promote the formation of high quality perovskite films.^\[^ [^22^](#advs1708-bib-0022){ref-type="ref"}, [^24^](#advs1708-bib-0024){ref-type="ref"}, [^25^](#advs1708-bib-0025){ref-type="ref"}, [^26^](#advs1708-bib-0026){ref-type="ref"}, [^27^](#advs1708-bib-0027){ref-type="ref"}, [^28^](#advs1708-bib-0028){ref-type="ref"} ^\]^ For example, Liao and co‐workers have introduced a perylene‐based interlayer between the perovskite layer and poly(3,4‐ethylenedioxythiophene)--polystyrenesulfonate (PEDOT:PSS) HTL to facilitate perovskite growth with enhanced crystallinity.^\[^ [^27^](#advs1708-bib-0027){ref-type="ref"} ^\]^

To date, PEDOT:PSS and poly(bis(4‐phenyl)(2,4,6‐trimethylphenyl)amine) (PTAA) are the two most frequently used HTMs for inverted PVSCs.^\[^ [^11^](#advs1708-bib-0011){ref-type="ref"}, [^12^](#advs1708-bib-0012){ref-type="ref"} ^\]^ PEDOT:PSS exhibits both a high hole conductivity due to its self‐doping ability and excellent wettability with perovskite precursor solutions. However, its inherent acidic and hygroscopic characteristics have been proven to hamper the long‐term stability of derived PVSCs, while the hydrophilic surface reduces the grain boundary mobility to limit grain sizes.^\[^ [^29^](#advs1708-bib-0029){ref-type="ref"}, [^30^](#advs1708-bib-0030){ref-type="ref"} ^\]^ In addition, large potential loss is often found for the PEDOT:PSS‐based PVSCs due to mismatched work function between PEDOT:PSS and perovskites, which significantly limits their PCEs.^\[^ [^11^](#advs1708-bib-0011){ref-type="ref"}, [^31^](#advs1708-bib-0031){ref-type="ref"} ^\]^

On the contrary, PTAA can produce much higher PCEs over 20%,^\[^ [^17^](#advs1708-bib-0017){ref-type="ref"}, [^18^](#advs1708-bib-0018){ref-type="ref"}, [^19^](#advs1708-bib-0019){ref-type="ref"}, [^32^](#advs1708-bib-0032){ref-type="ref"} ^\]^ however, it is not only quite expensive, but also requires extra chemical doping procedures to achieve high performance.^\[^ [^17^](#advs1708-bib-0017){ref-type="ref"}, [^24^](#advs1708-bib-0024){ref-type="ref"}, [^32^](#advs1708-bib-0032){ref-type="ref"}, [^33^](#advs1708-bib-0033){ref-type="ref"}, [^34^](#advs1708-bib-0034){ref-type="ref"} ^\]^ Unfortunately, chemical doping tends to degrade device performance because of the associated oxidation reactions.^\[^ [^35^](#advs1708-bib-0035){ref-type="ref"}, [^36^](#advs1708-bib-0036){ref-type="ref"}, [^37^](#advs1708-bib-0037){ref-type="ref"}, [^38^](#advs1708-bib-0038){ref-type="ref"} ^\]^ Besides, its hydrophobic feature also increases the difficulty in coating perovskite films on top, especially for the roll‐to‐roll printing process.^\[^ [^39^](#advs1708-bib-0039){ref-type="ref"} ^\]^ Thus, it is necessary to prewet the PTAA layer with solvent or apply an amphiphilic interlayer to facilitate the deposition of perovskites.^\[^ [^18^](#advs1708-bib-0018){ref-type="ref"}, [^19^](#advs1708-bib-0019){ref-type="ref"} ^\]^ Hence, it is imperative to develop new high‐performance dopant‐free polymer HTMs with simple synthetic procedures and suitable surface wettability for inverted PVSCs,^\[^ [^26^](#advs1708-bib-0026){ref-type="ref"}, [^35^](#advs1708-bib-0035){ref-type="ref"}, [^36^](#advs1708-bib-0036){ref-type="ref"}, [^37^](#advs1708-bib-0037){ref-type="ref"}, [^38^](#advs1708-bib-0038){ref-type="ref"}, [^40^](#advs1708-bib-0040){ref-type="ref"}, [^41^](#advs1708-bib-0041){ref-type="ref"}, [^42^](#advs1708-bib-0042){ref-type="ref"}, [^43^](#advs1708-bib-0043){ref-type="ref"} ^\]^ however the progress has been quite tardy with only very few dopant‐free polymer HTMs can afford PCE higher than 20% (Chart S1 and Table S1, Supporting Information).

Crossconjugated polymers have been demonstrated as an important class of organic semiconductors, due to their facile synthesis and interesting structural, physical, and optoelectronic properties.^\[^ [^44^](#advs1708-bib-0044){ref-type="ref"}, [^45^](#advs1708-bib-0045){ref-type="ref"}, [^46^](#advs1708-bib-0046){ref-type="ref"}, [^47^](#advs1708-bib-0047){ref-type="ref"}, [^48^](#advs1708-bib-0048){ref-type="ref"}, [^49^](#advs1708-bib-0049){ref-type="ref"} ^\]^ Among them, particular interests have been paid on developing crossconjugated polyenynes, such as *iso*‐poly(diacetylene) (*iso*‐PDA) and *iso*‐poly(triacetylene) (*iso*‐PTA) ([**Figure 1**a](#advs1708-fig-0001){ref-type="fig"}), possessing efficient *π*‐electron delocalization along the crossconjugated framework, although the extent is reduced compared to that of fully conjugated analogues.^\[^ [^44^](#advs1708-bib-0044){ref-type="ref"}, [^50^](#advs1708-bib-0050){ref-type="ref"}, [^51^](#advs1708-bib-0051){ref-type="ref"}, [^52^](#advs1708-bib-0052){ref-type="ref"} ^\]^ Another attracting feature for crossconjugated polyenynes is their optical transparency in the visible region even with a relatively large *π*‐conjugation.^\[^ [^53^](#advs1708-bib-0053){ref-type="ref"}, [^54^](#advs1708-bib-0054){ref-type="ref"} ^\]^ This is advantageous because it can help absorb damaging UV light and avoid competing with the perovskite light absorption.^19^ With the abovementioned characteristics, it is worth to explore crossconjugated polymer HTMs for their applications for PVSCs.

![Structures of representative a) crossconjugated polyenynes and b) our designed **PPE1** and **PPE2** in this work.](ADVS-7-1903331-g001){#advs1708-fig-0001}

Herein, we report the facile synthesis of *iso*‐PTA derivatives as dopant‐free HTMs for highly efficient inverted PVSCs. In our design, a phenyl spacer is introduced onto the *iso*‐PTA backbone to form poly(phenylene enynylene)s (PPEs, Figure [1b](#advs1708-fig-0001){ref-type="fig"}), and by changing the linkage positions of phenyl spacers from para to meta, the backbone structure can be modified subtly to alter the crystallinity and optoelectronic properties of the resulting PPEs for investigating their influence on the perovskite properties and device performance. We further functionalize the vinylidene groups of PPEs by attaching 2,7‐diphenylamine capped fluorene units, one of the basic frameworks of dopant‐free HTMs,^\[^ [^55^](#advs1708-bib-0055){ref-type="ref"}, [^56^](#advs1708-bib-0056){ref-type="ref"}, [^57^](#advs1708-bib-0057){ref-type="ref"}, [^58^](#advs1708-bib-0058){ref-type="ref"} ^\]^ to improve the hole mobility. Both PPEs possess proper energy levels, moderate hole mobilities, good surface wettability to the precursor solution of perovskites, and transparent window in the visible absorption region. Surprisingly, when they were used as dopant‐free HTMs for inverted PVSCs, the devices showed dramatically different PCEs, 11.13% for **PPE1** while 19.33% for **PPE2**, respectively, attributed to improved perovskite quality derived from **PPE2**. Furthermore, by rational surface passivation, the open circuit voltage (*V* ~oc~) of **PPE2**‐based inverted PVSCs can be effectively improved to afford an impressive PCE of 21.3%.

2. Results and Discussion {#advs1708-sec-0020}
=========================

The synthetic route for preparing PPEs is shown in **Scheme** [**1**](#advs1708-fig-0007){ref-type="fig"}, which is quite straightforward comparing with those reported for donor--acceptor type polymer HTMs.^\[^ [^59^](#advs1708-bib-0059){ref-type="ref"}, [^60^](#advs1708-bib-0060){ref-type="ref"}, [^61^](#advs1708-bib-0061){ref-type="ref"}, [^62^](#advs1708-bib-0062){ref-type="ref"}, [^63^](#advs1708-bib-0063){ref-type="ref"}, [^64^](#advs1708-bib-0064){ref-type="ref"}, [^65^](#advs1708-bib-0065){ref-type="ref"}, [^66^](#advs1708-bib-0066){ref-type="ref"} ^\]^ The synthetic details and characterization data are provided in Supporting Information. Compound **1** was synthesized from the reaction of two commercial raw materials according to our previous work,^\[^ [^67^](#advs1708-bib-0067){ref-type="ref"} ^\]^ which can then be easily transferred to compound **2** via a Corey−Fuchs reaction at a good yield of 71%.^\[^ [^68^](#advs1708-bib-0068){ref-type="ref"} ^\]^ The designed polymers **PPE1** and **PPE2** were obtained from compound **2** through a typical palladium‐catalyzed Sonogashira copolymerization with 1,4‐diethynylbenzene (**3**) and 1,3‐diethynylbenzene (**4**) to study the effect of para‐ and meta‐ conjugation on the final material properties. The copolymerized **PPE1** showed a much lower yield than that of **PPE2** (31.6% vs 86.1%), due to the formation of macrocycles by‐products. As a result, a much higher synthetic cost of \$65.5 g^−1^ is calculated for **PPE1**, while that of **PPE2** is only \$20.5 g^−1^ based on the research scale starting materials, which are much lower than that for PTAA.

![Synthetic route of crossconjugated polyenynes **PPE1** and **PPE2**.](ADVS-7-1903331-g007){#advs1708-fig-0007}

The density functional theory (DFT)‐optimized structures are illustrated in Figure S1 (Supporting Information) based on the analogous trimer model, while the calculated highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy levels are shown in **Figure** [**2**](#advs1708-fig-0002){ref-type="fig"}. As shown, **PPE1** with paraconjugation shows a linear *π*‐conjugation but a high tendency to form macrocycles, thereby explaining its low copolymerization yield. On the contrast, **PPE2** with metaconjugation exhibits an unusual Zigzag polymer structure like typical polyenynes, containing a folded conformation with closer intramolecular stacking between the diphenylamine‐capped fluorene units. The torsional angles between two phenylacetylene groups and the central fluorene unit are also found to be quite different. For **PPE1**, it is similar with an angle of ≈45^o^, while for **PPE2**, there are two angles, 27^o^ and 68^o^, which could be the main reason for forming folded conformation. Both PPEs showed that the electron wave of their HOMOs are localizing on the diphenylamine‐capped fluorene units, while those of the LUMOs are delocalizing over the polymer backbone and partially extending to the fluorene units. The higher HOMO level for **PPE2** could be due to the strong intramolecular stacking between diphenylamine moieties, while the lower LUMO level for **PPE1** is possibly due to the para‐type linkage enables *π*‐conjugation to be more efficient.

![The DFT‐optimized molecular frontier orbitals of a) **PPE1** and b) **PPE2** based on the analogous trimer model.](ADVS-7-1903331-g002){#advs1708-fig-0002}

Both PPEs have good solubility in organic solvents such as tetrahydrofuran (THF), chloroform (CF), chlorobenzene (CB), however, they can resist the erosion of *N,N*‐dimethylformamide (DMF) and dimethyl sulfoxide (DMSO), indicating the feasibility of processing perovskite precursor solutions on top of these films. The molecular weights of these two polymers were determined by gel permeation chromatography (GPC) using THF as the eluent, and the number‐average molecular weight (*M~n~*) of **PPE1** and **PPE2** were determined to be 10 800 and 11 900 g mol^−1^, respectively, with a similar polydispersity index (*Đ*) of 1.32, as listed in **Table** [**1**](#advs1708-tbl-0001){ref-type="table"}. The onset thermal decomposition temperatures (*T* ~d~s, 5% weight loss) were measured to be 460 and 414 °C for **PPE1** and **PPE2**, respectively, based on the thermogravimetric analysis (TGA, Figure S2, Supporting Information), suggesting they possess high thermal stability. Nevertheless, no clear glass transition temperatures and melting points could be observed in the differential scanning calorimetry (DSC, Figure S3, Supporting Information) for both PPEs.

###### 

Molecular weights, thermal, optical, electrochemical, and charge transfer properties of **PPE1** and **PPE2**

  HTM         *M~n~* \[g mol^−1^\]   *Đ*    *λ* ~max~ [^a)^](#advs1708-tbl1-note-0001){ref-type="fn"} \[nm\]   *E* ~g~,~opt~ [^b)^](#advs1708-tbl1-note-0002){ref-type="fn"} \[eV\]   *E* ~HOMO~ [^c)^](#advs1708-tbl1-note-0003){ref-type="fn"} \[eV\]   *E* ~LUMO~ [^d)^](#advs1708-tbl1-note-0004){ref-type="fn"} \[eV\]   *E* ~HOMO~ [^e)^](#advs1708-tbl1-note-0005){ref-type="fn"} \[eV\]   *T* ~d~ [^f)^](#advs1708-tbl1-note-0006){ref-type="fn"} \[°C\]   Mobility[^g)^](#advs1708-tbl1-note-0007){ref-type="fn"} \[cm^2^ V^−1^ s^−1^\]  
  ---------- ---------------------- ------ ------------------------------------------------------------------ ---------------------------------------------------------------------- ------------------------------------------------------------------- ------------------------------------------------------------------- ------------------------------------------------------------------- ---------------------------------------------------------------- ------------------------------------------------------------------------------- --------------
  **PPE1**           10800           1.32                               306, 384                                                               383                                                                  2.45                                                                −5.08                                                               −2.63                                                             −5.11                                                                     460                                        2.2 × 10^−6^
  **PPE2**           11900           1.32                               310, 385                                                               384                                                                  2.70                                                                −5.06                                                               −2.36                                                             −5.08                                                                     414                                        1.9 × 10^−6^

Absorption maxima;

Optical bandgaps calculated from film absorption edges;

Measured from electrochemistry experiments;

Calculated by subtracting *E* ~g,opt~ from HOMO levels;

Measured from UPS experiments;

The 5% weight loss temperature detected by TGA under nitrogen;

Hole mobilties measured by SCLC method.
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Both polymers have evident *π*--*π*\* transition band at ≈385 nm, accompanied with a weak intramolecular charge transfer (ICT) band due to the electron‐deficient character of diacetylenephenyl groups (Figure S4, Supporting Information and Table [1](#advs1708-tbl-0001){ref-type="table"}). However, the ICT absorption band of **PPE1** is more red‐shifted than **PPE2**, owing to the more efficient paraconjugation. Moreover, it is worth to note that the absorption peak of PPEs at ≈320 nm, ascribed to the localized excitonic *π*−*π*\* transition of diphenylamine units, disappeared from the solution state to the film state, which could be attributed to the enhanced intermolecular interactions.

Both PPEs also exhibit good film‐forming ability, and the resulting films (≈10 nm thick, Figure S5, Supporting Information) on indium tine oxide (ITO) substrates show uniform and smooth morphology with similar root‐mean‐square surface roughnesses (RMS) of 2.7 nm for **PPE1** and 2.5 nm for **PPE2**, respectively. For inverted PVSCs, good optical transparency of HTM is highly desirable because it can help absorb damaging UV light and avoid competing with the perovskite light absorption.^\[^ [^41^](#advs1708-bib-0041){ref-type="ref"}, [^69^](#advs1708-bib-0069){ref-type="ref"}, [^70^](#advs1708-bib-0070){ref-type="ref"} ^\]^ In this regard, the transmission spectra of both polymer films on ITO are shown in [**Figure 3**a](#advs1708-fig-0003){ref-type="fig"}, where both PPEs show similar transparency in the visible region.

![a) The film transmission spectra of polymer films on the ITO substrates. b) The CV curves of polymer films versus Fc/Fc^+^ (0.45 V) measured in CH~3~CN solutions. c) Contact angles of polymer films with respect to water and DMF drop.](ADVS-7-1903331-g003){#advs1708-fig-0003}

The cyclic voltammetry (CV) curves of polymer films are shown in Figure [3b](#advs1708-fig-0003){ref-type="fig"}, with the related data listed in Table [1](#advs1708-tbl-0001){ref-type="table"}. The first average oxidation potentials (*E* ~ox~) of **PPE1** and **PPE2** versus Fc/Fc^+^ (0.45 eV) were found to be 0.28 and 0.26 V, respectively, corresponding to the HOMO levels of −5.08 and −5.06 eV based on an equation of *E* ~HOMO~ = −(*E* ~ox~ + 4.80) eV. Moreover, the optical bandgaps (*E* ~g,opt~s) of **PPE1** and **PPE2** films are calculated to be 2.45 and 2.70 eV, respectively, based on the film absorption onsets. By subtracting *E* ~g,opt~s from the HOMO levels, the LUMO energy levels of **PPE1** and **PPE2** are estimated as −2.63 and −2.36 eV, respectively. To better understand their energy levels as films on ITO substrates, ultraviolet photoelectron spectroscopy (UPS, Figure S6, Supporting Information) was further employed to determine the HOMO levels of **PPE1** and **PPE2** to be −5.11 and −5.08 eV, respectively, which are consistent with those obtained from CV measurements. Overall, the suitable energy levels of both PPEs should be able to enable the hole transfer and the electron blocking when used as HTMs.

The surface wettability of polymer thin films was also evaluated as shown in Figure [3c](#advs1708-fig-0003){ref-type="fig"}. Both PPEs are found to have hydrophobic surface with a similar water contact angle of ≈90^o^, which could be beneficial for achieving large grain size crystals.^\[^ [^24^](#advs1708-bib-0024){ref-type="ref"} ^\]^ They also have a comparable surface wettability to the polar DMF, the common solvent used for processing perovskites, with a contact angle of ≈20^o^. This suggests the feasibility of achieving good perovskite film formation with complete coverage on the PPE surface without the need of using prewetting or surface engineering, which is important for large area blade‐coating and roll‐to‐roll printing.^\[^ [^39^](#advs1708-bib-0039){ref-type="ref"} ^\]^

A space‐charge‐limited‐current (SCLC) method was used to evaluate the hole mobilities of PPEs by fabricating hole‐only devices (Figure S7, Supporting Information), and both exhibit a moderate hole mobility of ≈2 × 10^−6^ cm^2^ V^−1^ s^−1^ (Table [1](#advs1708-tbl-0001){ref-type="table"}) compared to those reported for high‐performance dopant‐free HTMs.^\[^ [^35^](#advs1708-bib-0035){ref-type="ref"}, [^36^](#advs1708-bib-0036){ref-type="ref"}, [^37^](#advs1708-bib-0037){ref-type="ref"}, [^38^](#advs1708-bib-0038){ref-type="ref"} ^\]^ Nonetheless, it is worth to note that the requirement for hole mobility can be relaxed somewhat for HTMs employed in the inverted PVSCs because only a very thin HTL is needed for realizing efficient hole extraction. For example, a thin fluorene‐cored small molecule HTM (≈10 nm) with a hole mobility of 2.18 × 10^−6^ cm^2^ V^−1^ s^−1^ was recently reported by Ding and co‐workers to show a high PCE of 19.06% in inverted PVSCs without adding any dopants.^\[^ [^55^](#advs1708-bib-0055){ref-type="ref"} ^\]^

The molecular orientation of polymer films was studied by grazing incidence wide‐angle X‐ray scattering (GIWAXS, Figure S8, Supporting Information). As shown, the diffractions of both polymer films are oriented along an azimuthal angle of 45^o^ with respect to the substrate. Furthermore, the extracted scattering profiles for both PPEs in the out of plane direction show two strong peaks locating at *q* = 22 and 25 nm^−1^, respectively, suggesting the existence of two types of face‐on *π*--*π* stacking patterns with very close distances of ≈2.85 and ≈2.50 Å, respectively. These interesting packing behaviors are probably due to the particular crossconjugated polymer structure with large size of *π*‐conjugated side‐chains. Furthermore, we note that **PPE2** film exhibits higher diffraction intensity compared to **PPE1** film (Figure S8c, Supporting Information), thereby indicating an enhanced molecular crystallinity for the former, which is attributed to its unusual zigzag‐type polymer chain structure.^\[^ [^71^](#advs1708-bib-0071){ref-type="ref"}, [^72^](#advs1708-bib-0072){ref-type="ref"} ^\]^ These results seem to be very contradictory by comparison with the hole mobility data in which **PPE1** shows a slightly higher mobility than **PPE2**. This discrepancy thus could be due to the limitation of SCLC measurement that emphasizes vertical charge transport.

The inverted p--i--n planar PVSCs with a configuration of ITO/HTLs/perovskite/PCBM/Ag were fabricated to study the effectiveness of **PPE1** and **PPE2** as dopant‐free HTMs ([**Figure 4**a](#advs1708-fig-0004){ref-type="fig"}). The energy‐level alignments of polymer HTMs relative to perovskites are shown in Figure [4b](#advs1708-fig-0004){ref-type="fig"}, indicating that both polymers could be used for hole extraction. The HTLs were processed by spin‐coating a CB solution (2 mg mL^−1^) of polymers on ITO without adding any dopants, followed by annealing at 150 °C for 10 min. (FAPbI~3~)~0.83~(MAPbBr~3~)~0.17~ (FA: formamidinium, MA: methylammonium) is used as the light‐absorber, in which a small amount of NH~4~BF~4~ is doped to improve the device performance according to our previous work.^\[^ [^73^](#advs1708-bib-0073){ref-type="ref"} ^\]^ The device fabrication details are described in the Supporting Information.

![a) Device structure used in this study; b) corresponding energy levels relative to perovskite and PCBM; c) *J*--*V* curves of the champion PVSCs with PPEs as dopant‐free HTMs; d) Histograms of efficiency distributions of fabricated PVSCs; e) stable output current of **PPE2**‐based inverted PVSC under a constant bias of 0.89 V; f) EQE spectra with the integrated short‐circuit current density for champion PVSCs.](ADVS-7-1903331-g004){#advs1708-fig-0004}

The current density--voltage (*J*--*V*) curves of the champion dopant‐free inverted PVSCs measured under AM 1.5 G irradiation at 100 mW cm^−2^ are shown in Figure [4c](#advs1708-fig-0004){ref-type="fig"}, with relevant device parameters summarized in **Table** [**2**](#advs1708-tbl-0002){ref-type="table"}. Interestingly, although **PPE1** and **PPE2** have a similar transparent window, HOMO energy levels and hole mobilities, they produce dramatically distinct device performance. **PPE1** only delivers a low PCE of 11.13% with a *V* ~oc~ of 1.03 V, a short‐circuit current density (*J* ~sc~) of 15.52 mA cm^−2^, and a fill factor (FF) of 69.54%, while for **PPE2**, a significantly enhanced PCE of 19.33% is achieved with a *V* ~oc~ of 1.07 V, a *J* ~sc~ of 22.84 mA cm^−2^, and a FF of 79.08%. The PCE histograms are provided in Figure [4d](#advs1708-fig-0004){ref-type="fig"}, showing very good reproducibility of our fabricated PVSCs with an average PCE of 9.5% for **PPE1** and 18.1% for **PPE2**, respectively.

###### 

Device parameters of PVSCs using different polymer HTMs

  HTM                                                                       *V* ~OC~ \[V\]     *J* ~SC~ \[mA cm^−2^\]           FF                PCE \[%\]
  ---------------------------------------------------------------------- -------------------- ------------------------ -------------------- ----------------------
  Dopant‐free **PPE1**                                                    1.03 (1.02 ± 0.02)    15.52 (15.08 ± 0.65)    0.70 (0.69 ± 0.02)   11.13 (9.50 ± 1.06)
  Dopant‐free **PPE2**                                                    1.07 (1.06 ± 0.01)    22.84 (21.96 ± 0.83)    0.79 (0.77 ± 0.02)   19.33 (18.10 ± 0.83)
  Dopant‐free **PPE2** [^a)^](#advs1708-tbl2-note-0001){ref-type="fn"}    1.18 (1.16 ± 0.02)    22.30 (22.17± 0.56)     0.81 (0.79 ± 0.02)   21.31 (19.77 ± 0.95)
  Doped **PTAA** [^a)^](#advs1708-tbl2-note-0001){ref-type="fn"}          1.19 (1.17 ± 0.01)    22.65 (22.36 ± 0.77)    0.80 (0.79 ± 0.03)   21.56 (19.49 ± 1.30)

Devices treated with surface passivation by phenethylammonium iodide (PEAI).
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Moreover, a stabilized PCE (18.25%) and *J* ~sc~ (20.50 mA cm^−2^) can also be obtained for the **PPE2**‐based champion device when operated at the maximum power point (0.89 V), suggesting the high reliability of the *J*--*V* curves (Figure [4e](#advs1708-fig-0004){ref-type="fig"}). The external quantum efficiency (EQE) spectra (Figure [4f](#advs1708-fig-0004){ref-type="fig"}) were also collected, and the **PPE2**‐based device shows a much higher photo‐response throughout the entire spectrum from 300 to 800 nm compared to that from **PPE1**‐based device, confirming its much enhanced *J* ~sc~. Furthermore, the integrated *J* ~sc~ value is calculated to be 14.26 mA cm^−2^ for **PPE1** and 21.97 mA cm^−2^ for **PPE2**, respectively, close to those of the experimental values.

Previous studies have shown that surface defect passivation is an effective strategy to boost the device performance of PVSCs.^\[^ [^74^](#advs1708-bib-0074){ref-type="ref"} ^\]^ As shown, although the device based on **PPE2** can achieve a respectable PCE of 19.33%, it is still limited by its relatively low *V* ~oc~ (1.07 V) compared to those from the state‐of‐the‐art inverted PVSCs,^\[^ [^15^](#advs1708-bib-0015){ref-type="ref"}, [^16^](#advs1708-bib-0016){ref-type="ref"}, [^17^](#advs1708-bib-0017){ref-type="ref"}, [^18^](#advs1708-bib-0018){ref-type="ref"}, [^19^](#advs1708-bib-0019){ref-type="ref"} ^\]^ which could be due to the misalignment between the HOMO levels of PPEs (≈−5.1 eV) and the valence band (VB) of the perovskite (≈−5.7 eV) as shown Figure [4b](#advs1708-fig-0004){ref-type="fig"}. Recently, Huang and co‐workers have demonstrated a very high *V* ~oc~ of 1.23 V in inverted PVSCs by passivating the perovskite surface to suppress nonradiative recombination caused by the defects.^\[^ [^19^](#advs1708-bib-0019){ref-type="ref"} ^\]^ Inspired by this work, we have also fabricated surface passivated PVSCs based on the **PPE2** HTM trying to further improve the device performance ([**Figure 5**a](#advs1708-fig-0005){ref-type="fig"}). The PTAA‐based control devices doped with 2,3,5,6‐tetrafluoro‐7,7,8,8‐tetracyanoquinodimethane (F4‐TCNQ) were also fabricated for comparison. The *J*--*V* curves of champion devices are shown in Figure [5b](#advs1708-fig-0005){ref-type="fig"}, with related data listed in Table [2](#advs1708-tbl-0002){ref-type="table"}. An organic salt phenethylammonium iodide (PEAI) was used as the surface defect passivator, according to the report by You and co‐workers.^\[^ [^75^](#advs1708-bib-0075){ref-type="ref"} ^\]^ The *V* ~oc~ of PEAI passivated PVSCs is significantly improved from 1.07 to 1.18 V, without sacrificing any other device parameters, leading to a very impressive PCE of 21.31% with negligible current hysteresis (Figure S9, Supporting Information). This value is comparable to that from F4‐TCNQ‐doped PTAA based control devices (21.56%). Interestingly, we also found that **PPE2** exhibits a relatively high HOMO level compared to that of PTAA (≈−5.2 eV), but the resulting devices show a comparable *V* ~OC~ with each other. This might be attributed to the change of the quasi‐Fermi level splitting (*V* ~ap~) within the perovskites grown from different HTMs.^\[^ [^76^](#advs1708-bib-0076){ref-type="ref"}, [^77^](#advs1708-bib-0077){ref-type="ref"} ^\]^ Furthermore, the PCE histogram of **PPE2**‐based devices (Figure [5c](#advs1708-fig-0005){ref-type="fig"}) also indicates good reproducibility with an average PCE of 19.77%. It is worth noting that the device PCE of 21.31% is among the best values achieved for dopant‐free HTMs, including small molecules and polymers,^\[^ [^35^](#advs1708-bib-0035){ref-type="ref"}, [^36^](#advs1708-bib-0036){ref-type="ref"}, [^37^](#advs1708-bib-0037){ref-type="ref"}, [^38^](#advs1708-bib-0038){ref-type="ref"} ^\]^ and it is very close to the record‐high PCE (21.6%) reported for single‐junction inverted PVSCs.^\[^ [^18^](#advs1708-bib-0018){ref-type="ref"} ^\]^ Combining with their low synthetic cost and proper wettability, our results demonstrate the great potential of using crossconjugated polymer HTMs for PVSCs.

![a) Device structure containing surface passivation layer of PEAI; b) *J*--*V* curves of the champion PVSCs based on dopant‐free PPE2 and doped PTAA HTMs; c) histograms of efficiency distributions of fabricated PVSCs based on dopant‐free **PPE2** HTM.](ADVS-7-1903331-g005){#advs1708-fig-0005}

Given that PPEs are isomeric polymers with very similar optoelectronic properties, it would be interesting to understand the reason why such distinctly different device performance is obtained. To probe this, we try to investigate the effect of HTL itself by using perovskite films not passivated by PEAI. The hole extraction/transfer properties of fabricated devices were then investigated by collecting steady‐state photoluminescence (PL, Figure S10, Supporting Information) and time‐resolved PL spectra ([**Figure 6**a](#advs1708-fig-0006){ref-type="fig"}) of the bi‐layered perovskite/dopant‐free HTM films. As shown, the PL of perovskites at ≈766 nm can be completely quenched when capping with the polymer HTMs, while the average PL decay time (*τ*) of bilayered films are also significantly shortened relative to that of bare perovskite film (≈1324 ns, Table S5, Supporting Information). Both indicate an efficient extraction of holes from the perovskite without the need of using any dopants. However, the *τ* for **PPE1** (24 ns) is found to be much shorter than that for **PPE2** (42 ns), while the **PPE2‐**based devices show much higher PCEs reversely. The common experience tells us faster decay time usually indicates more efficient hole extraction/transport and better suppressed charge recombination, which will result in higher device performance.^\[^ [^78^](#advs1708-bib-0078){ref-type="ref"}, [^79^](#advs1708-bib-0079){ref-type="ref"}, [^80^](#advs1708-bib-0080){ref-type="ref"}, [^81^](#advs1708-bib-0081){ref-type="ref"}, [^82^](#advs1708-bib-0082){ref-type="ref"}, [^83^](#advs1708-bib-0083){ref-type="ref"} ^\]^ Therefore, there must be some other underlying factors related to the quality of perovskite film causing these controversial results. Indeed, for inverted PVSCs, the HTM morphology has been shown to play an important role in determining the growth of perovskite and its final film quality on top including grain sizes, crystal orientation, and defects.^\[^ [^27^](#advs1708-bib-0027){ref-type="ref"}, [^28^](#advs1708-bib-0028){ref-type="ref"} ^\]^ Furthermore, the time‐resolved PL spectrum of the **PPE2**‐based passivated film was also measured, as shown in Figure S11 (Supporting Information) the *τ* greatly increases from 42 to 70 ns due to the PEAI passivation, further indicating the surface passivation of defects can effectively suppress the nonradiation recombination.

![a) Time‐resolved PL spectra of bare perovskite (PV) film and bilayered PV films capped with dopant‐free polymer HTMs; b) SEM images of PV films atop PPEs; c) XRD patterns of bare PV film and bilayered PV films atop PPEs; d) The azimuthal intensity distributions for (100) plane in GIWAXS patterns of PV films atop PPEs. Note that the PV films were not passivated.](ADVS-7-1903331-g006){#advs1708-fig-0006}

The surface morphology of the perovskite films was then investigated through the plane‐view scanning electron microscope (SEM, Figure [6b](#advs1708-fig-0006){ref-type="fig"}). It was found that the perovskite film atop of **PPE2** obviously exhibits larger grain sizes than that atop of **PPE1**. The crystallinity of perovskite films was further checked by studying their X‐ray powder diffraction (XRD) patterns. As shown in Figure [6c](#advs1708-fig-0006){ref-type="fig"}, all the characteristic crystallographic planes of perovskite can be observed, and the peak intensity of PbI~2~ is significantly decreased for perovskites made atop of polymer HTMs, meaning enhanced film quality. The residual signal of PbI~2~ in perovskite films on PPEs is attributed to the use of slightly excess PbI~2~ in preparing the perovskite films to reduce the defects.^\[^ [^84^](#advs1708-bib-0084){ref-type="ref"} ^\]^ Encouragingly, the relative diffraction intensities of (011) and (022) crystallographic planes (Figure S12, Supporting Information) are much higher for perovskite film atop **PPE2**, comparing with those from **PPE1**. These results suggest a better quality of perovskite films produced atop of **PPE2**.

To assess the cause of different crystallinities in perovskite films, GIWAXS measurements were further conducted. As shown in Figure S13 (Supporting Information), the (100) and (200) crystal planes of resulting perovskites showed a *q* of 10 and 21 nm^−1^, respectively, indicating a preferred orientation along the azimuthal angle of 43° with respect to the substrate, similar to the reported results.^\[^ [^85^](#advs1708-bib-0085){ref-type="ref"} ^\]^ In addition, both planes of perovskite films atop of **PPE2** show narrower azimuthal intensity distributions than those from **PPE1** (Figures [6d](#advs1708-fig-0006){ref-type="fig"} and Figure S14, Supporting Information), strongly suggesting a better oriented crystals for the former. Based on these results, it is reasonable to conclude that the significantly improved PCE for **PPE2** derived devices is due to its ability in enabling better quality perovskite films with more oriented crystals. This results in reduced charge traps and carrier recombination,^\[^ [^86^](#advs1708-bib-0086){ref-type="ref"} ^\]^ thereby explains why the perovskite film atop of **PPE2** has a longer decay time than **PPE1**. Since both PPEs exhibit similar structure and properties, the most likely reason for the significant PCE difference could be due to the enhanced molecular crystallinity of **PPE2** in solid films as discussed above, enabling it as a potential template to facilitate the growth of ordered perovskite films with enhanced crystallinity through the van der Waals interactions between perovskite and HTL.^\[^ [^22^](#advs1708-bib-0022){ref-type="ref"}, [^27^](#advs1708-bib-0027){ref-type="ref"}, [^28^](#advs1708-bib-0028){ref-type="ref"} ^\]^

3. Conclusion {#advs1708-sec-0030}
=============

In conclusion, we have developed a simple and effective way to synthesize two novel crossconjugated *iso*‐PTAs, **PPE1** and **PPE2**, by changing the linking positions of phenyl spacers from para to meta, in which 2,7‐diphenylamine capped fluorene units are attached to the vinylidene groups as side‐chains. By using these polymers as dopant‐free HTMs in inverted PVSCs, dramatically distinct PCEs of 11.13% for **PPE1** with paraconjugation and 19.33% for **PPE2** with metaconjugation were obtained. Through further application of PEAI to passivate the defects of perovskites, the *V* ~oc~ of **PPE2**‐derived device was significantly improved from 1.07 to 1.18 V, affording a very impressive PCE of 21.31%. Given the fact that **PPE1** and **PPE2** are isomeric polymers with similar optical properties, surface wettability, energy levels, and hole mobilities, the significantly enhanced device performance of **PPE2**‐based PVSCs could be attributed to the enhanced perovskite quality grown atop its film. **PPE2** might serve as a good template to facilitate the growth of perovskites with larger grain sizes and more oriented crystals. This work provides a simple and effective way in developing high‐performance dopant‐free HTMs and highlights the critical role of HTL in affecting the perovskite growth/crystallization in inverted PVSCs.
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